Glucocorticoids impair the proliferation, differentiation, and function of osteoblasts and induce apoptosis in mature osteoblasts. [1] [2] [3] [4] [5] [6] In addition to their direct effects on osteoblasts, they have also been demonstrated to modify the synthesis of growth factors produced by osteoblastic cells. [7] [8] [9] These effects lead to the suppression of bone formation, a central feature in the pathogenesis of glucocorticoid induced osteoporosis. Hepatocyte growth factor (HGF), which was initially thought to be of mesodermal origin, and its receptor are expressed in osteoblasts and osteoclasts. [10] [11] [12] Previous studies have shown the inhibitory effects of glucocorticoids on HGF mRNA expression in rat calvarial osteoblasts 13) and human osteoblast-like cells, 14) and the stimulatory effects of HGF on thymidine incorporation in osteoblasts.
These effects lead to the suppression of bone formation, a central feature in the pathogenesis of glucocorticoid induced osteoporosis. Hepatocyte growth factor (HGF), which was initially thought to be of mesodermal origin, and its receptor are expressed in osteoblasts and osteoclasts. [10] [11] [12] Previous studies have shown the inhibitory effects of glucocorticoids on HGF mRNA expression in rat calvarial osteoblasts 13) and human osteoblast-like cells, 14) and the stimulatory effects of HGF on thymidine incorporation in osteoblasts. 11) These findings led us to investigate whether the effects of glucocorticoids on cellular proliferation are mediated by HGF in human osteoblastic cells. In this study, using osteoblastic cells (SaM-1) and osteogenic sarcoma cells (SaOS-2, HOS, and MG-63), we demonstrate that HGF functions in an autocrine and/or paracrine manner, resulting in mitogenesis. Furthermore, we show that the inhibitory effects of glucocorticoid on the proliferation of human osteoblastic cells can probably be explained by the concomitant glucocorticoidinduced inhibition of HGF production.
MATERIALS AND METHODS

Materials
Hydrocortisone was obtained from Sigma (St. Louis, MO, U.S.A.), and recombinant human HGF protein and a human HGF enzyme-linked immunosorbent assay (ELISA) system were obtained from R&D systems (Minneapolis, MN, U.S.A.). The bromodeoxyuridine (BrdU) cell proliferation ELISA was from Roche (Penzberg, Germany). QIAzol lysis reagent was obtained from Qiagen (Hilden, Germany).
was obtained from CalBiochem (San Diego, CA, U.S.A.). Normal human osteoblasts (SaM-1 cells) were kindly provided by Dr. Koshihara (Tokyo Metropolitan Institute of Gerontology), who prepared them from an explant of ulnar periosteum obtained from a 20-year-old male patient undergoing curative surgery who gave his informed consent for its experimental use. SaM-1 cells have a mitotic life span of 34 population doubling levels (PDL), 15) and we used them at 23-24 PDL in our experiments. HOS and SaOS-2 human osteogenic sarcoma cells were obtained from the RIKEN Cell Bank (Tsukuba, Japan). MG-63 human osteogenic sarcoma cells were from the American Type Culture Collection (Rockville, MD, U.S.A.). Alpha-modified minimum essential medium (a-MEM) was purchased from Gibco BRL (Grand Island, NY, U.S.A.), and fetal calf serum (FCS) was obtained from Cell Culture Laboratories (Cleveland, OH, U.S.A.) and Irvine Scientific (Santa Ana, California, U.S.A.). All other chemicals used were of reagent grade.
Cell Culture The medium used for all cell lines was a-MEM containing 10% fetal calf serum (FCS), and the cells were incubated in a humidified incubator at 37°C in 95% air and 5% CO 2 . In an analysis of proliferation, SaM-1 cells were seeded in 96-well plates at a density of 3ϫ10 3 cells/well and allowed to settle for 24 h, and then the medium was replaced with a-MEM containing 2.5% FCS and hydrocortisone. All osteogenic sarcoma cells were seeded in 96-well plates at a density of 2ϫ10 3 cells/well and allowed to settle for 24 h, and then the medium was replaced with a-MEM (serum free) containing hydrocortisone. For the analysis of gene expression, SaM-1 cells were cultured in 6 cm dishes at a density of 1.5ϫ10 5 cells/dish (proliferative stage) for the indicated periods, and then the total RNA was extracted using QIAzol Lysis reagent. The other cell lines were cultured in 10-cm dishes at a density of 1ϫ10 5 cells/dish (proliferative stage) for the indicated periods, and then the total RNA was extracted.
Cellular Proliferation Assay
After treatment with hydrocortisone for 24 h, BrdU was added to each well to a final concentration of 10 mM, and the cells were incubated for 4 h (SaM-1 and SaOS-2 cells) or 1 h (HOS and MG-63 cells). The amount of BrdU-labeled DNA was quantified using the ELISA system, and the data were expressed as a percentage of the control, which was taken as 100%.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis Total RNA were treated with DNase I (Boehringer Mannheim, GmbH, Germany), and cDNA was synthesized using random primers and Moloney murine leukemia virus reverse transcriptase (Gibco-BRL, Grand Island, NY, U.S.A.), which was followed by PCR amplification using synthetic gene primers specific for human HGF, c-Met, and human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. These primers were designed with reference to the reported cDNA sequences. [16] [17] [18] The oligonucleotide primers were synthesized on a DNA synthesizer (Expedite model 8909; PerSeptiv Biosystem, Cambridge, MA, U.S.A.) and purified using a polypropylene filter (Oligo Prep kit; Pharmacia Biotech, Uppsala, Sweden). The forward and reverse primers for the genes examined and the sizes of the amplified product were as follows: GAPDH, 5Ј-ACCACAGTCCATGCCATCAC-3Ј and 5Ј-TCCACCAC-CCTGTTGCTGTA-3Ј, 452-bp cDNA fragment; HGF, 5Ј-ATTGCCCTATTTCTCGTTGTG-3Ј and 5Ј-GCATTTCT-CATCTCCTCTTCC-3Ј, 296-bp cDNA fragment; c-Met, 5Ј-CTGGGAGCTGATGACAAGAGG-3Ј and 5Ј-TGACAACA-GAGAAGGATACGG-3Ј, 292-bp cDNA fragment. PCR amplification was performed with a GeneAmp PCR System (Perkin Elmer/Cetus, Norwalk, CT, U.S.A.) according to the following settings: denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s for the appropriate number of cycles. The PCR products were electrophoresed on a 2% Nusieve GTG agarose gel (FMC BioProducts, Rockland, ME, U.S.A.), stained with ethidium bromide, and detected with a fluoroimage analyzer (FluorImager 575; Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Measurement of HGF Production
The amount of HGF in conditioned media was quantified using ELISA kits. After treatment with hydrocortisone for 3, 6, 24, or 48 h, conditioned medium was used for ELISA analysis. Data are presented as the meanϮS.E.M. of 3 cultures.
RESULTS
Effects of Hydrocortisone on the Expression of HGF and c-Met in SaM-1 Cells
The effects of hydrocortisone on HGF expression in SaM-1 cells were assessed by RT-PCR and ELISA analysis. Figure 1A shows the time-course of the effects of hydrocortisone on the expression of HGF and cMet mRNA in SaM-1 cells. Substantial amounts of these mRNAs were detected under steady-state conditions used, but treatment of the cells with hydrocortisone (1 mM) rapidly reduced HGF mRNA expression without affecting the expression of HGF receptor; i.e., c-Met mRNA. The reduction in the mRNA expression of HGF was largest at 6 h and had slightly declined after 24 h of treatment. In addition, we also confirmed that the SaM-1 cells produced HGF protein. As shown in Fig. 1B , HGF accumulated in the SaM-1 cell culture medium, in a time-dependent manner. The production of HGF was significantly reduced by treatment with hydrocortisone (1 mM).
Dose-Dependent Effects of Hydrocortisone on HGF Expression and Cellular Proliferation in SaM-1 Cells
To analyze the cellular responses to hydrocortisone, we examined its effects on cellular proliferation by measuring BrdU incorporation. Figure 2 shows the concentration-dependent effects of hydrocortisone on HGF expression and cellular proliferation in SaM-1 cells. Both HGF synthesis and cellular proliferation were reduced by treatment with hydrocortisone for 24 h, and these reductions were concentrationdependent in the range between 0.01-0.1 mM. In addition, hydrocortisone had an inhibitory effect on cellular proliferation after treatment for 48 h (data not shown). 
Effects of Exogenously Applied HGF on the Suppression of SaM-1 Cell Proliferation by Hydrocortisone
To elucidate whether the effects of hydrocortisone on cellular proliferation are mediated by HGF, we examined the influence of exogenously applied HGF on the effects of hydrocortisone on cellular proliferation in SaM-1 cells. As shown in Fig. 3 , the inhibitory effect of hydrocortisone on cellular proliferation was suppressed by treatment with exogenous HGF. The effects of exogenous HGF were concentration-dependent in the range between 0.01-3 ng/ml, and treatment of the cells with 3 ng/ml HGF recovered cellular proliferation to the control level.
Effects of Hydrocortisone on HGF Expression and Cellular Proliferation in Human Osteogenic Sarcoma Cells
A similar experiment was performed in human osteogenic sarcoma cells, SaOS-2, HOS, and MG-63 cells. Table 1 shows the effects of hydrocortisone treatment for 24 h on HGF synthesis and cellular proliferation in these cells. Hydrocortisone had no influence on cellular proliferation in SaOS-2 or HOS cells, but inhibited it in a concentrationdependent manner in MG-63 cells. In addition, using the ELISA system, we could not detect HGF in SaOS-2 or HOS cell conditioned medium in the absence or presence of hydrocortisone. However, HGF synthesis was detected under steady-state conditions in MG-63 cells, and their proliferation was significantly reduced by hydrocortisone (10 Ϫ7 -10 Ϫ6 M). Thus, in SaM-1 as well as MG-63 cells, hydrocortisone had an inhibitory effect on cellular proliferation and HGF synthesis. However, in SaOS-2 and HOS cells, which do not express HGF under steady-state conditions, hydrocortisone did not reduce cellular proliferation. On the other hand, osteogenic sarcoma cells (MG-63, SaOS-2, and HOS) were able to express c-Met mRNA, substantially (data not shown).
Effects of SU11274 on the Cellular Proliferation of SaM-1 and HOS Cells Next, to elucidate the involvement of autocrine/paracrine systems in the effects of HGF on cellular proliferation in osteoblastic cells, we examined the effects of SU11274, which is a highly specific inhibitor of cMet, on cellular proliferation in the various osteoblastic cell lines examined in this study. As shown in Fig. 4 , the proliferation of SaM-1, but not HOS, cells was decreased by treatment with SU11274 (1 mM). These show the cellular regulation of endogenously secreted HGF on proliferation of SaM-1 cells.
DISCUSSION
Glucocorticoids have marked and complex effects on bone formation and resorption, although their inhibitory effects on bone formation appear central to the bone loss observed after glucocorticoid treatment. 19, 20) Glucocorticoids decrease the pool of available osteoblasts through apoptosis. 21) In addition, they have direct effects on specific genes expressed by osteoblasts and regulate the synthesis of locally produced growth factors. 7, 8) Hepatocyte growth factor (HGF) is ex- pressed almost ubiquitously, including in osteoblasts 10, 12) and osteoclasts, 11) and exerts autocrine and/or paracrine effects depending on the distribution of its receptor, the protooncogene c-Met, which is a tyrosine kinase-activated receptor. 22) This receptor is also expressed in normal human osteoblasts and osteoclasts 11, 13) as well as various tumors of skeletal origin. 23, 24) In the present study, the constitutive expression of HGF and c-Met was identified in human osteoblastic SaM-1 cells. Hydrocortisone not only causes decreased cellular proliferation, but also inhibits the expression of HGF, without affecting c-Met expression in cultures of SaM-1 cells. This prompted us to explore whether HGF acts as a mediator of the effects of glucocorticoids on cellular proliferation in human osteoblasts.
To elucidate whether the effects of hydrocortisone on cellular proliferation are mediated by HGF, the influence of exogenous HGF on the effects of hydrocortisone on SaM-1 cell proliferation was examined. As shown in the present study, the inhibitory effect of hydrocortisone on cellular proliferation was recovered by treatment with exogenous HGF. At the concentration used in the present study, it has been reported to induce biological responses both in osteoclasts and in osteoblasts.
11) Thus, exogenous HGF antagonized the action of hydrocortisone on cellular proliferation in SaM-1 cells. Furthermore, hydrocortisone did not alter the cellular proliferation of osteogenic sarcoma cells, which do not produce HGF under basal conditions. These findings suggest that one of the mechanisms underlying the inhibition of SaM-1 proliferation by hydrocortisone is the inhibition of HGF synthesis.
A question has been raised as to whether an autocrine/ paracrine system for HGF is involved in SaM-1 cell proliferation, and the inhibitory effects of hydrocortisone on cellular proliferation may be based upon interruption of the autocrine/paracrine loop. This possibility was reinforced by the detection of the c-Met transcript in these cells, as assessed by RT-PCR. To investigate the functionality of this expressed HGF receptor, we tested the cellular response to a highly specific inhibitor of c-Met, 25) a receptor tyrosine kinase. To elicidate the involvement of the autocrine/paracrine system for HGF in osteoblastic cell proliferation, we examined the effect of SU11274, a novel small-molecule tyrosine kinase inhibitor, on osteoblastic cell proliferation. At the IC 50 concentration for cell growth in human melanoma cell lines, 26) SU11274 significantly inhibited SaM-1 cell proliferation, probably because of high endogenous secretion of HGF; however, it did not inhibit the proliferation of HOS cells. These findings suggest that the inhibition of cellular proliferation by hydrocortisone is based upon interruption of the autocrine/paracrine loop via the downregulation of HGF synthesis in human osteoblasts, which produced a sufficient amount of HGF protein under control conditions.
In conclusion, we have demonstrated the existence of an autocrine/paracrine loop for HGF in human normal osteoblast, SaM-1 cells, that supports mitogenesis. Furthermore, hydrocortisone inhibits the proliferation of SaM-1 cells by interfering with this autocrine/paracrine loop by inhibiting HGF synthesis without any accompanying change in the expression of its receptor, c-Met. Our results suggest a new mechanism underlying glucocorticoid-mediated growth inhibition of human osteoblasts.
